ABSTrACT: An economic Cu-Zn volcanogenic massive sulphide (VMS) deposit was modeled in flow-through columns to examine the microbial controls on ore weathering and soil anomaly development. The presence of microorganisms, especially S-and Fe-oxidizing bacteria, increased the rate of weathering and metal release from ore. To examine the development of soil metal anomalies overlying the VMS deposit, flowthrough experiments modeling the full overburden profile were completed. Selective extractions on the soil demonstrated that enhanced metal anomalies in the biotic column were developing in the reactive Fe-and Mn-oxide phases. These experimental results are linked to in situ biogeochemical processes through the use of Fe-oxidizing bacteria isolated from the deep subsurface of Triple 7 Cu-Zn VMS mine in Flin Flon, Manitoba, Canada, in direct proximity to where the ore material was collected. These results demonstrate that the rates of metal mobility in the subsurface and soil metal anomaly development at the surface are increased by the presence and activity of microorganisms when compared to control experiments.
In the search for deeply buried ore deposits a variety of exploration tools have been utilized, including isotopic anomalies (Cameron et al. 2004; Kelley et al. 2006; Polito et al. 2007; Simonetti et al. 1996) , accumulation zones of mobile indicator metals (Bajc 1998; Gilliss et al. 2004) , zones of anomalous pH (Smee 1998) , high redox contrast (Hamilton et al. 2004a, b) , vegetation type and metal content (Anand et al. 2007; van Geffen et al. 2012) , gas flux (Alpers et al. 1990; Fu et al. 2005; Gao et al. 2011; Lollar et al. 2006; Malmqvist et al. 1999) , and soil microbiology (Melchior et al. 1996; Parduhn 1991; Reith et al. 2005; Reith & Rogers 2008; Wakelin et al. 2012) . While there are many proposed models for the formation of these secondary features, including electrochemical processes, expulsion of groundwater, dispersion of gas, and glacial rebound (Cameron et al. 2004; Kelley et al. 2006) , the microbiological mechanisms that can influence transport of metals and generation of these features remain unknown (Wakelin et al. 2012) .
Bacteria have an incredible molecular diversity and with that diversity a range of metabolic capability. This has provided them with the inherent ability to greatly affect the geochemistry of their surroundings, which ranges from the surface to the deep subsurface (Southam & Saunders 2005) . Some of the biogeochemical processes that can influence metal mobility in the subsurface and the generation of geochemical anomalies at the surface include: mineral dissolution and weathering, gas generation, secondary mineral precipitation, changes in oxidation-reduction potential, generation of volatile metal complexes, and isotopic fractionations (Kelley et al. 2006; Lollar et al. 2006; Southam & Saunders 2005) . In the subsurface, enhanced metal release and mobility by microbial oxidation have been documented for a variety of redox active mineral phases (Southam & Saunders 2005) . Oxidation of sulphide minerals and the subsequent release of metals (Cu, Zn, Au, Ag, Pb, etc) are enhanced by respiration of Fe-and S-oxidizers (Enders et al. 2006; Mielke et al. 2003; Sillitoe et al. 1996) . Some microorganisms have specific and high requirements for elements, for example, methanotrophs utilize Cu in their methane oxidizing enzymes (Kulczycki et al. 2007) whereas methanogens require Ni for methane production (Hausrath et al. 2007) , thereby decreasing the activity of these elements in solution. This, in turn, provides a driving force to increase the rate of dissolution for minerals containing these elements. Many microorganisms are able to extract nutrients directly from solid phase, including Fe, P, Cu, Zn, Ni, and Co (Hassen et al. 1998) , using strategies such as ligand synthesis, pH gradients and release of extracellular enzymes, which promotes dissolution of the mineral structure (Rogers & Bennett 2004; Rogers et al. 1998) . Furthermore, many microbial metabolisms generate gas as a byproduct which can generate volatile metal complexes to detoxify their surroundings, all of which can enhance metal mobility in the subsurface (Kelley et al. 2006; Southam& Saunders 2005) .
Biogeochemical processes also have the ability to enhance and preserve the formation of surficial geochemical anomalies. The formation of secondary biogenic minerals, especially Fe (III)-minerals and clay minerals which have a high surface area, provides a tremendous ability to absorb trace metals that have been transported to the surface (Southam & Saunders 2005; Sturm et al. 2008; van Geffen et al. 2012) . Sulphate-reducing bacteria have also been implicated in supergene enrichment (Enders et al. 2006) and secondary sulphide precipitation (Bawden et al. 2003) . Likewise, the cellular membranes of microbes themselves have been documented to have a high sorption capacity, and subsequently serve as nucleation sites for mineral precipitation (Ferris et al. 1987) . The change in geochemistry overlying buried mineralization has also been found to influence the soil microbial ecology (Wakelin et al. 2012) ; in some cases a specific microbe-metal association exists (Parduhn 1991) , so that the microbial ecology itself can serve as a surficial anomaly.
The purpose of the present research is to investigate the geomicrobiological controls on metal mobility and surficial anomaly development through the use of flow-through columns that mimic Cu-Zn VMS deposits and their overburden. While flow-though column studies of arid Cu deposits and the associated overburden have been previously completed, and extensive biogeochemical processes visibly occurred, the identity of the microorganisms present and their underlying biogeochemical processes were not examined (Townley et al. 2007) . Numerous investigations have examined the metalmicrobe association in surficial soils overlying a variety of mineralization types, including Cu-Zn VMS (Wakelin et al. 2012) , porphyry Cu (Enders et al. 2006) and Au deposits (Parduhn 1991; Reith & McPhail 2007; Reith et al. 2005) ; however, mechanisms of the metal-microbe association directly at buried Cu-Zn VMS mineralization remain enigmatic (Southam & Saunders 2005) .
In an effort to approximate the geological setting for controlled study, a specific Cu-Zn VMS deposit was selected for the column flow-through experiments. As microbe-VMS ore associations are currently not well understood, direct underground sampling for ore material and indigenous microorganisms was completed for use in the column flow-through experiments at the Triple 7 Cu-Zn mine, Flin Flon, Canada. Triple 7 is a Cu-Zn volcanogenic massive sulphide (VMS) containing 2.5 % Cu and 4.6 % Zn (Polito et al. 2007 ). The massive sulphide lenses consist of pyrite, sphalerite, chalcopyrite, pyrrhotite, pyrite and magnetite (Polito et al. 2007 ). Soil and carbonate overburden were collected from the Talbot prospect (Fig. 1) , located 200 km away in an effort to reduce metal contamination by the Flin Flon smelter. The carbonate material consists of fractured chert-rich Palaeozoic dolomite, and the soil is carbonate-rich silty glacial till ). An extensive exploration program has been completed at the Talbot prospect, including drilling, geochemical surveys of soil and vegetation to delineate the surficial anomaly , and microbiological surveys to examine the microbial-metal association present at surface (Leslie 2012; Leslie et al. 2013) .
MeThODS
Column flow-through experiments were completed by modeling a Cu-Zn VMS deposit, based on ore collected from Triple 7 mine, Flin Flon, Manitoba, Canada, with overburden consisting of carbonate and soil from the Talbot prospect within proximity to the mine. Three separate experiments were completed: full profile large (15 × 90 cm) columns (Fig. 2) , full profile small (5 × 15 cm) columns, and ore-only small (5 × 15 cm) columns (Fig. 3) .
All of these experiments were carried out with influent at the column base and effluent at the top side-port. The influent for all experiments was deionised water augmented with NaCl (0.4 mmol/l), CaCl 2 (0.2 mmol/l), NaHCO 3 (0.2 mmol/l), MgCl 2 (0.1 mmol/l), K 2 SO 4 (0.1 mmol/l) and various organic carbon sources, including pyruvate, lactate and acetate (0.1 mmol/l). A 50-l vessel stored the augmented water, and peristaltic pumps delivered the water to the influent ports of the columns. Columns were cleaned with HCl, and all fittings and tubing were autoclaved prior to setup. The fill material was not sterilized, as initial tests demonstrated that the sterilization process created much more reactive surface properties. All columns were dry-packed with crushed and sieved material. All the materials were sieved to <200 μm; however, 200-300 μm quartz sand was added to the carbonate. The columns were given several weeks with influent flowing at the peristaltic pump maximum rate, c. 5 l/day, to allow sufficient removal of air and surface contaminants. Once visual inspection of the columns demonstrated that air pockets had been removed, the flow-rate was decreased to c. 10 ml/day for the small column experiments, and c. 100 ml/day for the large columns. At this point, biotic columns were inoculated with a culture ( Table 1) that had been washed five times with DI (deionised water) and concentrated by centrifugation. The collection of column effluent for geochemical analyses commenced 7 days after inoculation for the small columns, and three weeks after inoculation for the large columns.
The collected effluent from all columns was filtered with 0.45-μm syringe filters and acidified to 2 % with Trace Metal Grade nitric acid. Samples were diluted to 10 and 100 times and analysed by ICP-OES (Perkin Elmer Optima 5300 DV). Aliquots for anions were collected, filtered, and analysed at ACME Analytical Laboratories (Vancouver, Canada). The effluent from large columns was monitored bi-weekly for changes in pH, Eh and conductivity, using Microelectrodes Inc (New Hampshire, USA) flow-through probes and eDAQ (Denistone, Australia) e-corder and quad-stat. Small column full profile flow-through experiments ran for 60 days, while the large column full profile flow-through experiments ran for 40 weeks. At the termination of the flow-through column experiments, the fill material was separated by depth and material type, collected using sterile methods, freezedried, and stored at −80 °C. Samples were sent to ACME Analytical Laboratories (Vancouver, Canada) for sequential extractions: demineralized water leach for extracting the water-soluble component; 1 M ammonium acetate leach for exchangeable cations adsorbed by clay and elements co-precipitated with carbonate; 0.1 M sodium pyrophosphate leach for elements adsorbed by organic matter (humic and fulvic compounds); 0.1 M hydroxylamine leach for elements adsorbed by amorphous Mn hydroxide (often the most reactive soil phase for scavenging mobile elements); 0.25 M hydroxylamine leach for elements adsorbed by amorphous Fe hydroxide and more crystalline Mn hydroxide, and aqua regia (1:3 HNO 3 -HCl) for more complete digestion (Hall et al. 1996a (Hall et al. , 1996b . A 1M HCl extraction was also completed at KU, and analysed by ICP-OES. Samples were sent to Queen's University (Kingston, Canada) for isotopic analyses, specifically δ 13 C and δ 18 O on the carbonate, δ 13 C on the total soil, and δ 34 S on the ore.
Organic matter was determined on the soil zone of all columns by loss on ignition (Heiri et al. 2001 ). This method is associated with high errors, especially as various materials bind water differently. However, in this instance, the method is applied for relative comparison between columns with the same material. Total biomass was determined on all soil zones in duplicate using a typical Bligh and Dyer extraction (White et al. 1979) and malachite green spectrophotometric determination (Findlay et al. 1989) . This method has an analytical error of 5 %, with a detection limit of 10 4 cells/gram soil.
reSuLTS

Small column ore-only experiments
Element concentrations in the small column ore-only effluents were analysed over the duration of the experiment (Fig.  4) . The concentration of Zn in the effluent was highest in the column inoculated with only an S-oxidizer, with high values approaching 1 mmol/l. The next highest values of Zn in the effluent (800 μmol/l) occurred in the column inoculated with a Fe-oxidizer (isolate) only. While Zn release by the mixed culture column did not rise above 400 μmol/l, Zn release was more constant and maintained higher values of c. 80 μmol/l towards the termination of the experiment.
Concentrations of Zn in the control column effluent were never more than 100 μmol/l.
Small column full profile experiments
The small column full profile flow-through experiments were inoculated with the mixed culture, and both the biotic and control columns were completed in triplicate. There were no significant differences in the element concentrations in the effluent of the control and biotic columns (Fig. 5) . The only exceptions are slightly higher concentrations of Cu (1 μmol/l in the control and 0.1 μmol/l in the biotic column) and Zn (35 μmol/l in the control and 10 μmol/l in the biotic column) in the control column at the initiation of the flow-through experiment, and slightly higher Fe concentration (1-2 μmol/l) in the biotic column.
Average solid phase metal contents in the biotic column normalized to the control column concentrations in the HCl and aqua regia extractions of the soil indicate there are enrichments in Ag, As, Au, Cd, Co, Cu, P, Ti and Zn as a result of microbial activity (Fig. 6) . The Cu and Zn contents as a function of depth (Fig. 7) show that most enrichments in the biotic column occurred in the soil zone, but enrichment in the biomass occurred at the middle depth in the carbonate profile. The isotopic compositions of the ore zone and the carbonate zone of the column were the same in all columns, δ 34 S = 1‰ and δ 13 C = 0‰, but the δ 13 C of the biotic column total soil zone was −11‰, much lower than in the control column, which was −5‰.
Large column full profile experiments
The concentrations of Zn, Cu, Pb, S, Si, Fe and Mn in the large column full profile effluents were monitored over the duration of the flow-through experiments (Fig. 8) . For most elements, the concentrations in the effluent of the inoculated column are not different from those of the control column. The only exceptions include Zn, Si, Fe and Mn, especially near the initiation of the flow-through experiment. These elements had a higher concentration in the biotic column effluent, Zn by 0.5 μmol/l, Si by 100 μmol/l, Fe by 1 μmol/l and Mn by 40 μmol/l. After 20 weeks, all elements reached equivalent concentrations in the effluent of the biotic and control columns. At 25 weeks, a secondary inoculation of the mixed culture was introduced, and once again Zn concentration increased by 0.5 μmol/l in the effluent of the biotic column.
Concentrations of the anions, chloride and sulphate, in the column effluents were not significantly different between the biotic and control columns, averaging 0.9 mmol/l and 0.3 mmol/l, respectively (Fig. 9) . The exception is sulphate, which was c. 1.5 mmol/l higher in the inoculated column during the initial two weeks of the experiment. Nitrate, nitrite and orthophosphate were below detection in both of the column effluents, 3.0 μmol/l, 5. 0 μmol/l and 0.05 μmol/l, respectively. Eh and conductivity in the effluents were not different between the biotic and control columns (Fig. 10) . The pH of the biotic column effluent started at 6.3 and rose to 8.0 over the duration of the flow-through experiment, while the control column started at 7.0 and rose to 8.0 (Fig. 10) .
Concentrations of elements in the soil of the biotic column at the termination of the experiment normalized by those in the control column yielded some elemental enrichment in the biotic column (Fig. 11) . Most elemental enrichments (5-100 times) are recorded in the 0.1 M hydroxylamine extraction, Fig. 2 . Experimental set-up for the flow-through large columns. Influent was from below, and effluent was from the highest side port. Columns were covered to prevent light penetration. (Fig. 12) show that the largest enrichments occur at the top of the soil profile, and decrease with depth. These metals are most successfully targeted by the 0.1 M hydroxylamine-HCl extraction in the soil zone, and the Na-acetate extraction in the carbonate zone. Isotopic compositions of the column materials are similar except in the soil zone. The δ 13 C of the soil zone in the control column is −9‰, while the top and bottom depths of the biotic column are −24‰ and −19‰, respectively. In the carbonate zone, δ 13 C = 0‰ and δ 18 O = 26‰, and in the ore zone δ 34 S is 1‰.
DiSCuSSiOn
Recent investigations of the distribution of microorganisms throughout the subsurface and their influence on the geochemical environmental have documented the presence of geomicrobiological controls on ore weathering and metal mobility; however, the geological settings and microbial ecology investigated have been limited (Southam & Saunders 2005) . This study aimed to expand the current knowledge of biogeochemical controls on metal mobility in the subsurface utilizing controlled flow-through column experiments. As the rate of oxidation of sulphides has been documented to increase due to the activity of Fe-and S-oxidizing bacteria (Enders et al. 2006; Southam & Saunders 2005) , a typical sulphur-oxidizing bacteria was used in the column flow-through experiments. An organism was isolated and characterized from the deep subsurface in the Triple 7 mine, Flin Flon, Canada, for use in the column studies, and provided a directly relevant investigation of geomicrobiological control on metal release from ore. As this organism was found to be capable of Fe-oxidation under a variety of conditions (Leslie 2012) , the activity of this organism is expected to increase the alteration rate of sulphides in the column flow-through experiments, as well as the sulphide ore in the subsurface. A mixed culture of organisms, including the isolate and a sulphur-oxidizer, was used in the flow-through column experiments (Table 1 ). The mixed culture was designed to include all metabolisms likely to be present in the subsurface: Fe oxidation and reduction, S oxidation and reduction, methane genesis and oxidation, nitrate reduction, and heterotrophy under oxic and anoxic conditions.
Small column ore-only experiments
Alteration rates of metal release were examined in flowthrough column experiments containing the ore only. The concentration of Zn in the effluent of the column inoculated with the Fe-oxidizing isolate only (isolate) was continuously 20-800 μmol/l higher than the control (Fig. 4) , which demonstrates that the metabolic activity of the isolate does increase the rate of metal release from ore when introduced in monoculture. This result was predicted, as the isolated organism was previously determined to be capable of Fe-oxidation (Leslie 2012) . However, the activity of the sulphur-oxidizer in monoculture (sulphur oxidizer) yielded the highest rate of metal release from ore, maintaining Zn concentrations in the effluent greater than 400 μmol/l for the initial 25 days. When both these organisms were introduced with a mixed culture of organisms (mixed culture), the rate of metal release was lower, with concentrations of Zn never rising higher than 400 μmol/l. This suggests an antagonistic relationship between the organisms, at least in terms of maintaining high aqueous concentrations of Zn; however, it should be noted they were still higher than the control. The total Zn release over the 40-day duration of the flow-through experiment from each of the column types is as follows: 1 200 μmol/l from the S-oxidizer column, 500 μmol/l from both the isolate and mixed culture columns, and 90 μmol/l from the control. At the termination of the experiment, the Zn in the effluent of both the isolate and mixed culture columns was still higher than the control, suggesting that the total Zn release from the control column will never exceed the total Zn release from the biotic columns. The lower rate of metal release in the mixed culture, compared to the monoculture columns, could be due to competition for nutrients or element cycling (e.g. redox processes and incongruent dissolution) or the accumulation of toxic metabolic byproducts in the mixed culture column. In the singleorganism columns it is possible that toxicity due to the rapid metal release reduced the microbial population (suggestive by the drop-off in effluent concentrations); however, this was difficult to constrain as sulphide material interferes with total biomass determination and microscopic direct count. Regardless, the rate of metal release, and possibly also the total metal release, in all biotic columns is significantly higher than the control.
Small column full profile experiments
Given the higher rate of metal release in the ore-only biotic columns, it is surprising that there are no differences in metal concentrations in the effluents of the full profile small columns (Fig. 5) . To determine whether the expected higher metal release in the biotic columns did occur, but was sequestered by the soil phase, selective extractions were completed on the soil (Fig. 6) . Many elements were enriched in the soil phase including Ag, As, Au, Cd, Co, Cu, P, Ti and Zn and were revealed through the use of aqua regia, 0.5 M HCl, and 0.25 M hydroxylamine-HCl extractions. Aqua regia is a conventional near-total extraction that targets the more resistant fraction of the soil, while the other extractions are defined to target elements in the Fe-oxide phase (Cameron et al. 2004) . The depth distribution of the main economic metals, Cu and Zn (Fig. 7) , indicates that the enrichment only occurs in the soil phase of the small columns. This is expected, as the soil contains reactive phases, such as clay minerals, organic matter and Fe-, Mn-oxides known to scavenge metals . The added biomass of the mixed culture in the biotic column is present in the mid-carbonate phase (Fig. 7) ; however, as the material used in the columns was not sterilized, the natural microbial biomass present in the soil phase could have masked any of the mixed culture population in the soil. The δ 13 C of the soil zone (−11‰) in the biotic columns is more negative than the controls (−5‰), which developed due to the enhanced microbial activity of the mixed culture. A wide range of microbial metabolisms (e.g. methanogenesis, methanotrophy, heterotrophy) could have created the depleted signal in either precipitated carbonates or organic carbon generated in the soil zone. While the exact metabolism and location of the enhanced microbial activity within the biotic columns is not known, microbial activity must have caused the low δ 13 C and enhanced soil metal anomalies in the small column flow-through experiments.
Large column full profile experiments
The same flow through experiment was completed in large columns, and the results differed from those of the small columns. Concentrations of Si, Fe, Mn and S were higher in the biotic column effluent compared to the control (Fig. 8) . There was also a significant difference in concentrations of Zn in the effluent, with Zn concentrations in the biotic column c. 0.5 μmol/l higher than the control. After 20 weeks, Zn concentrations in the effluent of the columns became equivalent; however, after a second inoculation of the mixed culture at 25 weeks, Zn concentration in the biotic column effluent again increased by 0.5 μmol/l, indicating that Zn was clearly mobilized by the microbial activity. No other elements demonstrated the same increase after the secondary inoculation; this is possibly due to the bioactivity and relatively low toxicity of Zn, compared to the other major elements present in the ore (Cameron et al. 2004; Gough et al. 2008; Hassen et al. 1998 ). In addition, many elements such as Cu readily preferentially sorb to surfaces and are incorporated and sequestered in secondary mineral phases, whereas Zn is typically considered highly mobile (Cameron et al. 2004; Hassen et al. 1998) .
The higher concentration of metals (0.5 μmol/l Zn, 100 μmol/l Si, 1 μmol/l Fe, and 20-100 μmol/l Mn) in the effluent of the biotic column compared with the control demonstrates that the presence of the mixed culture enhances the rate of metal release, and therefore, the extent of metal mobility in the flow-through column experiments. This is in contrast with the smaller column experiments (Fig. 5) , where the mixed culture had minimal effect on metal effluent content. Selective extractions on the soil phase of the large columns (Fig. 11 ) indicate elements such as Ag, Al, Co, Cu, Fe, Pb and Zn are 10-100 times more enriched in the biotic column relative to the control using the 0.1 M hydroxylamine-HCl extraction. This protocol has been demonstrated to target elements absorbed to Mn-oxides, a very reactive phase in soil (Hall et al. 1996b; Bajc 1998 ) which suggests these elements may be associated with these phases or similar mineral surfaces. Other elemental enrichments in the soil phase of the biotic column include Al, Co, Fe, Mn and Zn in the 0.25 M hydroxylamineHCl, Na-acetate, and 0.5 M HCl extractions. The 0.25 M Fig. 9 . Anion concentrations in large column flow-through effluent over time. hydroxylamine-HCl and 0.5 M HCl extractions target elements absorbed to Fe-oxides, and the Na-acetate and 0.5 M HCl extractions target carbonate-associated elements. However, organic matter present in the soil of the biotic column, which is targeted by the Na-pyrophosphate extraction (Hall et al. 1996c) , did not result in element concentrations greater than the control. Organic matter, clay minerals, and Fe-, Mn-oxides have high surface areas, and therefore have tremendous metal scavenging ability (Bajc 1998; Cameron et al. 2004; Kelley et al. 2006; Southam & Saunders 2005) . Selective extractions in depth profile show that there are elemental enrichments in the carbonate phase, specifically at the soil-carbonate boundary (Fig. 12) . Some elements, such as Cu, Mn, Fe, and Zn, should be absorbed and co-precipitated by carbonate.
Summary of column experiments
The positive elemental anomalies in the soil zone of the biotic columns, both in the large and small full profile columns (Table  2) are consistent with enhanced metal mobility from the lower profile. It is clear that the primary driver of this phenomenon is microbial activity, and subsequent sequestration of these elements by reactive phases in the soil zone. Pathfinder elements, such as Ag, Al, Ce, Co, Cu, Dy, Er, Gc, La, Nd, Pr, Rb, Pb and Zn were extremely enriched in the reactive Mn-oxide phase of the large column, but were only enriched in the aqua regia extractions of the small columns. This is suggestive of a progression towards a more inert phase in the small columns, likely due to the differences in the amount of material used and duration of the experiment that exposed the small columns to additional pore volumes of fluid. The large columns contained approximately 60 times more total material by volume than the small columns; therefore, for the duration of the experiments to be comparable, the large columns would have to be run for at least 7 years longer. This relative difference in reaction time may have led to the development of less reactive mineral phases in the small columns through recrystallization and/or passivation of surfaces.
The difference in amount of material used suggests that the large column flow-through experiment may be a more representative model of the geological setting, specifically in terms of the amount of material available for reaction and distance of transport. However, both the small and large column experiments are not completely representative of the natural environment because the experiments were carried out under saturated conditions, with unidirectional upward flow. The water/rock ratio in the columns was c. 0.5, which is higher than would be encountered in the natural environment, although this artificial enhancement of reactivity was required to increase the rate of reaction and decrease the duration of the experiment. It should be noted, however, that because of these difference we were provided with different temporal snapshots of the biogeochemical reactions ongoing in these profiles.
To evaluate these results with respect to the geological setting, the concentration of elements in the solid phase extractions are compared to the geochemical survey of the Talbot prospect (van Geffen et al. 2012 ) and the concentration of elements in the effluent are compared to the aqueous geochemistry of the water in the subsurface at Triple 7 mine (Leslie 2012) . The concentration of Zn in the soil phase of the large biotic column was 300 ppb, 15 ppm and 70 ppm for the DI, 0.1 M hydroxylamine-HCl, and aqua regia extractions, respectively. The same extractions at the anomalous locations at the Talbot prospect . The concentrations of Zn in the biotic column and the field soil anomaly are comparable; however, the Zn contents in the biotic column were slightly lower in the stronger extractions and slightly higher in the weaker extractions. This suggests that, with more time, elements in the biotic large column would be sequestered in more resistant phases, which is corroborated by the results of our smaller profile columns. Water collected from Triple 7 mine (Leslie 2012) consisted of dissolved Mn (470 μM), Fe (20 μM), and Zn (3 μM). These concentrations are similar to the large column effluent concentrations of Mn (10-120 μM), Fe (1-2 μM), and Zn (0.5-2 μM) (Fig. 8) suggesting that while the flow-through design was artificially enhanced, the elemental fluxes are realistic when compared to values from the field.
COnCLuSiOn
Flow-through experiments with ore from Triple 7 Cu-Zn VMS mine demonstrate that the presence and activity of microorganisms increases the rate of alteration and metal release. Flowthrough experiments with ore, overburden and soil demonstrate that the presence and activity of microorganisms increase the rate of soil metal anomaly development in reactive Fe-and Mn-oxide phases, relative to un-inoculated control columns.
Comparison of metal fluxes in the columns to the Talbot field site demonstrates that the flow-through experiments were a reasonable representation of the operative processes in the field. Although there are still unanswered questions regarding the specific biogeochemical processes active and their individual relative importance on mobilization of metals from ore deposits, it is now clear that the presence and activity of microorganisms significantly increase the rate of metal release from ore at depth, the subsequent sequestration near the surface, and are a critical component for metal cycling in these systems.
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